INTRODUCTION
============

Hepatitis B virus (HBV) infection is a global health problem; more than two billion people have been infected with HBV in the world. It is estimated that 400 million people have developed into chronic HBV infection, and more than two-thirds live in Asia \[[@b16]\]. HBV infection is highly endemic in China, with approximately 93 million infected individuals \[[@b17]\]. Although the incidence of acute HBV infection has declined due to implementation of vaccination programs in many countries, including China, HBV-related complications are still increasing.

HBV, a prototype member of the family Hepadnaviridae, has a compact structure and a partially double stranded circular DNA that encodes four partially overlapped open reading frames (ORFs): S, C, P, and X. Due to the lack of viral-encoded polymerase proofreading activity, HBV genome has a great diversity \[[@b32]\]. Based on intergenotypic divergence of at least 8% in the full-length nucleotide sequence or more than 4% in the S gene, HBV can be classified into at least nine genotypes (A--I), each of them has also been classified into several subgenotypes \[[@b20]; [@b27]; [@b28]\]. The various HBV genotypes are associated with differences in pathogenicity \[[@b35]\], disease progression \[[@b18]\], and responses to antiviral drugs \[[@b10]\].

The distribution of HBV genotypes is different geographically \[[@b19]\]. Genotype A is found mainly in Northern and Western Europe, North America, and Africa. Genotypes B and C, with a large number of subgenotypes, are prevalent in Asia \[[@b22]; [@b25]\]. Except for subgenotype B1, B2, C1, and C2, which reported to distribute commonly in the Chinese mainland, the other subgenotypes of genotype B and C are distributed commonly in Southeast Asian countries \[[@b21]; [@b24]\]. Genotype D and the C/D recombinant are concentrated in Northwest China, where most of the residents are migrated from Central Asia \[[@b36]\]. Genotype E is the most prevalent genotype in Eastern and Central Africa, and sporadically found in Colombia and Northern India. Genotypes F and H are prevalent in the Amerindian population and in Central America, respectively. Recently, the newly designated genotype I has been characterized using phylogenetic analysis, which identified in Vietnam, Laos and Canada \[[@b28]; [@b23]\], and seems localized in Southeast Asia.

Southeast and East Asia, with 25% of the world\'s population, are considered to be most seriously affected regions of infectious diseases. As the most prevalent pathogen, at least four HBV genotypes including genotype B, C, D and I, and multiple patterns of recombinants are circulating in this area. Yunnan province is located in Southwest China and borders with Southeast Asian countries. Because of its special geographical location and common intravenous drug addiction, many blood-borne viruses are endemic in this region. The unique genotypic distribution of HCV, HIV, and GBV-C in Yunnan has been well documented in previous reports \[[@b14]; [@b31]; [@b9]\]. HBV is considered to be a major causative agent of liver diseases. However, its subgenotypes distribution in Yunnan province and homologous relationship between Yunnan and neighboring regions remain unclear.

MATERIALS AND METHODS
=====================

Serum Samples
-------------

A total of 80 HBV-positive serum samples were collected from hepatitis patients who sought medical service at the First People\'s Hospital of Yunnan Province from 2011 to 2012. Among them, 16 cases were from Kunming, the capital city of Yunnan; 12 cases were from Qujing, the central city of east Yunnan; 18 cases were from Yuxi, the central city of middle Yunnan; 10 cases were from Chuxiong, a major industrial city; 12 were from Dehong, the border city of southwest Yunnan; 6 cases were from Honghe, the prefecture in South Yunnan; and 8 cases were from Dali, a renowned tourist city of west Yunnan. Active HBV infection was confirmed by detection of HBsAg, anti-HBsAg, HBeAg, anti-HBeAg and HBcAg, and HBV DNA copies at the clinical laboratory of the hospital. All enrolled patients were confirmed to have chronic hepatitis B by clinical testing, characterized as HBsAg-positive \>6 months; serum HBV DNA \>10^5^ copies/ml; persistent or intermittent elevation of ALT/AST levels; liver biopsy showing chronic hepatitis, necroinflammatory score \>4. Demographic data such as age, ethnicity, and residential address were recorded by interviewing. All participants provided written informed consent for participation in this study, and the research was approved by the Kunming University of Science and Technology Ethics Committee.

PCR Amplification and Sequencing
--------------------------------

HBV DNA was extracted from 100 µl sera using an AxyPrep Blood Genomic DNA Miniprep Kit (AXYGEN, Union City, CA). For amplification of the pre-S region and part of the S region (positions: 2,891--540), a nested PCR reaction was performed. First-round PCR was conducted using the outer set of primers SF1 and SR1, followed by a second round of PCR using the inner set of primers SF2 and SR2. The same cycle conditions were used for both rounds of PCR: initial denaturation at 94°C for 1 min; followed by 35 cycles each of denaturation at 94°C for 30 sec, annealing at 50°C for 30 sec, and extension at 72°C for 90 sec. The PCR products were purified and directly submitted for sequencing in the Beijing Genomics Institute (BGI, Beijing, China) with the second-round primers. In addition, to obtain the full-length HBV circular genome, two overlap fragments were amplified by semi-nested PCR. The outer set of primers for the first fragment was F1817F and F374R, and the inner set of primers was F1817F and F192R. The second fragment was amplified by using the outer set of primers SF1 and F1822R and the inner set of primers SF2 and F1822R. The sequences and locations of the primers mentioned above are shown in Table [1](#tbl1){ref-type="table"}. The GenBank/EMBL/DDBJ accession number of the sequence of HBV strains used in this paper are KF917452--KF917522 (pre-S/S) and KF917451 (full genome).

###### 

Sequences and Locations of Primers

  Primer name                               Sequences (5′--3′)                Location (EU139543)
  ----------------------------------------- --------------------------------- ---------------------
  SF1                                       CTTAATCCTVAACCTVAATGGCAAACTCCTC   2,513--2,539
  SR1                                       CCCAAAAGACCCACAATTCKTT            734--758
  SF2                                       GCHTCATTTTGCGGGTCACCATATTC        2,800--2,827
  SR2                                       GATGGGATGGGAATACARGTGCA           873--900
  F1817F[\#](#tf1-1){ref-type="table-fn"}   CATGCAACTTTTTCACCTCTGCCTARTCA     1,813--1,841
  F1822R[\#](#tf1-1){ref-type="table-fn"}   AAAAGTTGCATGGTGNTGGTGAACA         1,818--1,843
  F192R                                     AAAAACCCCGCCTGTAACACGA            188--210
  F374R                                     GATAAAACGCCGCAGACACATCCA          370--394

Primers was first reported by [@b38].

Phylogenetic and Recombination Analyses
---------------------------------------

Sequences were aligned and edited using the integrated ClustalX 1.83 program \[[@b2]\] and BioEdit V7.0.8 \[[@b11]\]. HBV genotypes were determined by phylogenetic analysis of the nucleotide sequence of the pre-S/S fragment. The phylogenetic relationship was characterized using the neighbor-joining method with 1,000 bootstrap replications in the MEGA software (Kimura 2-parameter substitution model) \[[@b26]\]. Recombination signals were detected initially by the Simplot software. The bootscan window sizes were 200 bases, the step size was 20 with 100 replicates. The reference sequences used in phylogenetic and recombination analyses were obtained from the Hepatitis Virus Database (<http://s2as02.genes.nig.ac.jp/index.html>) and GenBank (S1).

Bayesian Markov Chain Monte Carlo Evolutionary Analyses
-------------------------------------------------------

The Bayesian Markov chain Monte Carlo (MCMC) method implemented in BEAST package \[[@b8]\] was used to estimate the evolutionary rate and starting time of diversification of the predominant HBV genotype in Yunnan. The Hasegawa--Kishino--Yano (HKY) nucleotide substitution model with a gamma-distributed model for site rate variation using four rate categories (C4) and a constant population size model \[[@b33]\] were chosen as the best models for the Bayesian coalescence analyses. Each MCMC analysis was run for at least 50 million generations and sampled every 50,000 generations in the BEAST V1.7.5 package. Only ESS values \>250 were accepted. For constructing maximum clade credibility (MCC) trees, the first 25% of generated trees were discarded as burn-in and summarized using TreeAnnotator implemented in the BEAST V1.7.5 package. The reconstructed trees were examined and edited by using FigTree V1.3.1 (tree.bio.ed.ac.uk/software/figtree/), which was also used to estimate the evolutionary rates and the dates of various nodes on the MCC tree.

RESULTS
=======

Demographic and Clinical Characteristics
----------------------------------------

In total, 80 HBV-positive patients were recruited from 7 representative prefectures of Yunnan. The PreS/S fragment of 72 samples, accounting for 90% of the total collected samples, was amplified successfully. Their mean age was 34 years with the range of 19--69 years, and 45 (62.5%) of them were men. The HBV-DNA load was determined in these 72 cases by quantitative PCR with a median value of 7.16 ± 1.05 log copies/ml (range, 5.35--9.29 log copies/ml). 59 cases (75.6%) were identified positive for HBeAg. Regarding the major parameters of liver function, the mean ALT level was 98.8 ± 136 IU/L (range, 10--595 IU/L), and the mean AST level was 81 ± 118 IU/L (range, 12--584 IU/L).

HBV Genotype Distribution
-------------------------

The HBV genotype could be determined by phylogenetic analysis in 72 patients. It accounts for four HBV genotypes (B, C, C/D, and I) identified in this study. Among them, genotype C was the most prevalent with infection of 45 (62.5%) patients, followed by genotype B (24/72, 33.3%) and genotype I (2/72, 2.78%). According to their phylogenetic relationship, HBV genotype B consisted of a single subgenotype B2, while HBV genotype C could be classified into several subgenotypes including 28 cases of C2, 10 cases of C1, 3 cases of C5, and 4 cases of C7 ([Fig. 1](#fig01){ref-type="fig"}). Notably, subgenotype C1, C5, and C7 were most prevalent among the ethnic population of Southeast Asia. Sample YN.071, collected at Qujing, the most northeastern prefecture in Yunnan, was clustered as a C/D1 recombinant together with two strains from western China. In comparing with other genotypes, higher level of liver function parameters were observed in genotype C, but not significant (dates not shown).

![Phylogenetic analysis of pre-S/S sequences of HBV strain in Yunnan compared with reference strains representing genotypes A--I. Accession numbers and countries are shown in each branch, and HBV genotypes or subgenotypes are listed on the right. Bootstrap values were shown along each main branch. The characterized strains in this study are marked with black dots.](jmv0086-1675-f1){#fig01}

The reconstructed neighbor-joining tree also showed that the strains of subgenotype B2 and C2, which were identified as the most prevalent subgenotypes in Yunnan, were mixed together with strains from China and other East Asian countries in their respective clusters. The strains of subgenotype C1, C5, and C7 forming a cluster closely with the strains from Southeast Asia, suggests a close genetic relationship between them. Two strains of genotype I being grouped together with Vietnamese strains in the same branch, indicates that they probably originated from Vietnam. The bootstrap value between sample YN.071 recombinant and C/D1 recombinant from western China was 99%. To confirm further the recombinant nature of YN.071, phylogenetic and bootscan analyses on the sequence of complete genomes were performed. The inter-genotypes recombinant model was verified in the reach of full-length sequences. The breakpoint of C/D1 recombinant ([Fig. 2](#fig02){ref-type="fig"}) was similar to that of previous reported recombinants \[[@b29]; [@b39]\].

![Phylogenetic analysis (A) and SimPlot bootstrap analysis (B) on nucleotide sequence of YN.071 with consensus sequences representing each of the genotypes A--I. YN.071 had high similarity with genotype D from 1 to 745 nt and high similarity with genotype C from 746 to 3,215 nt.](jmv0086-1675-f2){#fig02}

Evolutionary Characters of Genotype B and C
-------------------------------------------

Through Bayesian evolutionary calculation, the mean value of the evolutionary rate of HBV/B pre-S/S fragment was estimated as 3.26 × 10^−4^ substitutions/site/year (95% HPD, 7.50 × 10^−5^--5.61 × 10^−4^). Based on sequences of these strains and other reference strains from other regions, the time-scaled Bayesian tree was reconstructed ([Fig. 3](#fig03){ref-type="fig"}A). As the most prevalent subgenotype, most of the strains of subgenotype B2 were intermixed with the other reference strains, but a small significant clad including five strains were distinct. The estimated timing of tree\'s root suggested that genotype B was originated in the 1860s. Whereas, several significant clades in subgenotype B2 from Yunnan were dated back to 37 years ago, corresponding to the later of 1970s.

![Maximum clade credibility (MCC) trees were estimated by Bayesian analysis on HBV genotype B and C sequences. Yunnan strains are indicated in red. The internal numbers are node ages. The scale at the bottom of the tree represents the time (year).](jmv0086-1675-f3){#fig03}

In the case of genotype C, the estimated mean value of the evolutionary rate was 8.01 × 10^−4^ substitutions/site/year (95% HPD, 3.82 × 10^−4^--1.27 × 10^−3^), almost twice as the evolutionary rate of genotype B. The origin of genotype C was back to 93 years ago in the tMRCA analysis ([Fig. 3](#fig03){ref-type="fig"}B). Segregation of these strains according to their geographic origin was not observed. The strains from Yunnan were concentrated mainly in the younger branches of the MCC tree (C1, C2, C5, and C7).

DISCUSSION
==========

Accurate classification of HBV genotypes and subgenotypes is important since HBV genotypes are related to the course of the infection, responses to antiviral treatment regimens, and clinical outcomes \[[@b13]; [@b36]\]. Phylogenetic analysis and Bayesian analysis based on the nucleotide sequence of partial genes have been widely accepted for the determination of genotypes and evolutionary characteristics. However, some genotyping methods based on partial genes were not able to accurately distinguish HBV subgenotypes. In the current study, the nucleotide sequence of pre-S gene and part of S gene (865 bps) were used in phylogenetic and evolutionary analyses. HBV genotypes and subgenotypes could be identified accurately using this established method (Phylogenetic trees of the HBV genotypes and subtypes created by comparison of pre-S/S sequences with full-length genome and Pre-S1 sequences in the same reference strains were showed in S2). The classified genotypes and subgenotypes based on this partial sequence were consistent with results of phylogenetic analysis on the full-length genome. The pre-S gene and part of S gene could thus be recommended as target gene for detailed HBV genotyping.

In this study, all participants were recruited from seven different prefectures including the Han Ethnicity majority population in China and five ethnic minorities. Therefore, they were geographically and demographically representative for Yunnan province. Among all enrolled patients, pre-S/S gene amplification was not detected in eight patients because of their low HBV-DNA copy levels determined by quantitative real-time PCR. Due to the limitation of collected samples, a significant difference of HBV genotypes/subgenotypes distribution between the studied prefectures was not found. However, the strains of genotype I and subgenotypes C1, C5, and C7, which are prevalent in Southeast Asia, were more frequently identified in the frontier prefectures.

Genotype B and C are the most prevalent HBV genotypes in China with geographically and demographically different genotypes distributions. Genotype C is predominant in northern China, whereas genotype B is more prevalent in southern China \[[@b36]\]. In addition to the most prevalent HBV subgenotypes B2 and C2, other identified subgenotypes including C1, C5, and C7, were infrequent in China. These subgenotypes were considered to be introduced from the Southeast Asian countries. This could be confirmed further by the close relationship between the strains from Yunnan and reference strains from neighboring Southeast Asia. Notably, two strains of genotype I were identified in this study, and were thought to be originated in Vietnam, where HBV genotype I was reported first in 2008 \[[@b28]\]. The HBV C/D1 recombinant, being considered to endemic in the Qinghai-Tibet Plateau in western China \[[@b39], [@b40]\], was also identified in Yunnan. Due to the different recruited subjects and limited sample size, this characterized HBV genotypes distribution is a little different with previous report \[[@b12]\]. In spite of this, it could be determined that the distribution of hepatitis B virus in Yunnan was influenced by the strains from other provinces of China and strains from Southeast Asian countries. The important role of Yunnan in the epidemic of the blood-borne virus was confirmed further by the molecular epidemiological characters of HBV.

Bayesian analysis is widely used because of their ability to integrate information regarding mean evolutionary rate, dated phylogeny, and coalescent population dynamics. It was deduced the estimated evolutionary rate of the pre-S/S fragment were different between genotypes B and C. Repeated analysis using different model showed that this difference indeed exists. The higher evolutionary rate of genotype C was verified with its documented faster adaptability to the host environment \[[@b24]\]. Furthermore, genotype C could be classified into the various subgenotypes, which ranks the most subgenotypes among all genotypes \[[@b3]\]. Infection with genotype C seems related to more aggressive disease course \[[@b15]; [@b4]; [@b5]; [@b6]; [@b7]; [@b1]\]. In addition, the origin of genotype B was approximately 60 years earlier than genotype C. The MCC tree showed that subgenotype B2 was a young clade, backdate to be introduced into Yunnan approximately 37 years ago. Phylogenetically, the strains of genotype C could not be segregated significantly according to their geographic origin. It may suggest a relatively recent origin and multiple exchanges in these local areas.

The distinct geographical location of Yunnan province results in the diverse epidemiological characters of blood-borne HBV infection in this region. This conclusion was repeated verified by our previously documented multiple genotypes distribution of HIV, HCV and GBV-C \[[@b34]; [@b37]; [@b30]; [@b9]\], and further HBV in this study. As a hub between China and Southeast Asian neighboring countries, Yunnan region requires further epidemiological research.
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